Abstract. The following question has recently arisen in the literature concerning the interpretation of the optical activity of biological membranes: do the characteristic spectral distortions observed for diverse membrane systems reflect some common and unique aspect of membrane architecture or are they the result of scattering effects owing to the particulate nature of membranous systems? We have confirmed the latter interpretation on the basis of the following experimental observations: (a) red blood cell membranes give a normal circular dichroism spectrum when scattering is reduced and (b) nonaggregated, nonmembranous helical proteins give distorted membranelike spectra when scattering is introduced. An improved estimate of secondary structure on the basis of undistorted spectra results in about 50 per cent a-helix for red blood cell membrane protein. In addition we conclude that the distortions in optical activity spectra offer no evidence in support of various proposed membrane models.
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During recent years there has arisen a literature concerning the optical rotatory dispersion and circular dichroism of biological membranes.1-9 Optical activity is a sensitive measure of the secondary structure of proteins and offers an attractive nondestructive probe of intact membrane structure. Many different membrane systems have given very similar optical rotatory dispersion and circular dichroism spectra, resembling an a-helical protein, but with characteristic distortions in relative intensity of the 208 nm 7r-r* to 222 nm n-7r* troughs, and red shifts in the n-7r* trough and crossover wavelengths. Several interpretations have been offered to account for these distortions in the membrane spectra. It was first proposed that since this unique spectra occurs in diverse membrane systems, it must represent some common aspect of membrane architecture, e.g., protein aggregation with possible alignment of a-helicesl 2 or hydrophobic interaction between protein helices and lipid.3 On the other hand, there has been the recent proposal of Urry and Ji8'9 that the distortions in the membrane spectra are the result of scattering artifacts owing to the particulate nature of the system. There is some evidence correlating turbidity with spectral distortions,2'9 but most of these experiments do not distinguish between effects resulting from scattering and those resulting from aggregation-induced polypeptide interactions. Ji and Urry's9 results on sonicated mitochondrial membrane fractions are the most convincing. However, since mitochondrial membranes are notably heterogeneous and a spectrum of the total sonicate was not given, it is uncertain whether their various fractions are representative of the membrane as a whole. It is the purpose of the present work to provide an experimental test of the alternate interpretations of the characteristic membrane spectra and thus clear up the existing controversy over whether the spectral distortions reflect some common aspect of membrane architecture or result from scattering effects on optical activity. It is important that this point be clarified, since optical activity has been used as evidence in support of certain membrane models and an estimate of the secondary structure of membrane proteins depends on the interpretation of the spectra.
We report the results of a series of experiments designed to test: (a) whether the distortions in the circular dichroism spectrum of red blood cell membranes can be removed by reducing the scattering and (b) whether the characteristic membrane circular dichroism spectra can be reproduced by making a nonaggregated, nonmembranous, helical protein act as a scatterer. Three types of experiments were performed to make the above comparisions of scattering and nonscattering systems:
(1) The circular dichroism of intact whole erythrocyte ghosts (-7am diameter) was compared with that of sonicated ghosts (0.05-0.2 /Am diameter).
(2) The circular dichroism of hemoglobin in solution was compared with that of hemoglobin concentrated into small scattering "packets" inside partially hemolyzed, sphered red blood cells at different degrees of hemolysis.
(3) The circular dichroism of suspensions in silicone oil of aqueous bovine serum albumin droplets (-'10 um diameter) was compared with the solution circular dichroism of this protein. A similar comparison was also made with hemoglobin.
All conclusions drawn from these experiments concerning spectral distortions in the circular dichroism are equally applicable to the analogous distortions in the optical rotatory dispersion. When we use the term "scattering" we are generally referring to effects due to both scattering and absorption flattening. 10 Materials Results. We report here circular dichroism spectra for the three different cases listed in the introduction, each consisting of a comparison of a partially a-helical protein in both a high-and low-scattering situation. We wish to determine whether the characteristic distortions in the circular dichroism spectrum of biological membranes can be clearly identified with optical artifacts or whether they rppresent the structural or local environmental characteristics of the peptide chains in the membrane. Figure 1 shows the circular dichroism spectrum of red blood cell 'l membranes in the normal intact state (-7 nm; curve A) and after sonication cannot be absolutely ruled out, the evidence in the literature (elec tron micrographs3'"4 and x-ray diffraction15) indicates that sonication of red blood cell membranes yields small vesicles of intact membranes. Furthermore, if sonication were inducing helical structural changes, one would expect the sonicated circular dichroism spectra to include a red shift in crossover and a greater increase in 222 trough than 208 trough relative to the whole membranes. The opposite is apparent in Figure 1 . solution (curve A) with that of hemoglobin in erythrocytes at various stages of hemolysis (curves C-E). The former is a molecularly dispersed, perfectly clear solution while the latter cases represent highly scattering (r-7 nm) particles of concentrated hemoglobin solution in suspension. The structure of hemoglobin is the same (unaggregated) whether the solution is enclosed in the membrane or homogeneously dispersed in solution, as indicated by the x-ray diffraction studies of Bateman.16 Several different suspensions are shown, illustrating the effect of different quantities of hemoglobin per particle. With increasing hemoglobin per cell, both scattering and flattening artifacts increase, and the circular dichroism spectrum becomes progressively more distorted, mimicking the distortions in membrane circular dichroism. Curve D in Figure 2 , in fact, is indistinguishable from a circular dichroism spectrum of a purely membranous system. In this case, the ratio of hemoglobin to membrane protein is about 16/1, and so virtually all of the circular dichroism signal is due to the hemoglobin protein. the hemoglobin is dispersed in solution, and the spectrum is essentially that of the-pure hemoglobin solution. The membranes are present and are scattering, but since they represent only a small percentage of the protein present, their effect on the spectrum is small. Finally, Figure 3a shows a reproduction of the characteristic membrane spectral distortions for a nonaggregated, helical protein with no membranous material present at all: a suspension of aqueous bovine serum albumin droplets (--10/Am) in silicone oil; for comparison, Figure 3b shows the circular dichroism of the solution of BSA. Similar results are shown in Figure 4 Discussion. These experiments demonstrate that the characteristic membrane spectrum is a superposition of a normal a-helical spectrum and an optical artifact. This has been shown for red blood cell membranes, where a normal spectrum was obtained by eliminating scattering, and for globular, nonmembranous helical proteins, where a characteristically distorted spectrum was obtained by introducing scattering. We thus conclude that the distorted helical type spectra characteristic of diverse membrane systems cannot be used as evidence in support of a common and unique membrane architecture. This is not to say refractive index media such as glycerol, that such suspending media cannot completely eliminate the scattering effect on optical activity. Part of the reason for this is that circular dichroism scattering effects result from the difference in scattering of left and right circularly polarized light, which in turn depends on the different complex refractive indices of the membrane for these two polarizations. While increasing the refractive index of the medium (e.g., with glycerol) can reduce the absolute scattering for each state of polarization, the difference in refractive index of the membrane for left and right circularly polarized light will always result in a scattering contribution to optical activity. A report is presently in preparation on 4 theoretical analysis of scattering effects on optical activity, including the Contributions mentioned above.
Finally, recognizing that the observed membrane spectra are distorted as a result of scattering, we can use the undistorted spectrum of the sonicated ghosts to obtain a more accurate estimate of the secondary structure of the membrane protein. This will certainly be higher (by about 20%o) than previous estimates based on the distorted spectra which were generally in the range of a quarter to a third a-helix. We have analyzed the circular dichroism spectrum of the sonicated ghosts (curves B and C, Fig. 1 ) by the method of Greenfield and Fasman, '7 by using their data on polylysine as a reference. Because of variations in the standard reference spectra, the following figures can only be considered to have an accuracy within abollt 10%. Our estimated average secondary structure of the membrane protein is: -50% a-helix, 45% random coil, and 0-10%0 beta.
